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ABSTRACT
Observations of declining base saturation in soils and
declining calcium (Ca) in streamwater have contrib-
uted to concerns that prolonged exposure to acid rain
threatens forest health and productivity. We suggest
that these changes could be caused, in part, by aging
of the forests. To test this possibility, we characterized
Ca cycling in previously harvested, variously aged
northern hardwood stands over 15–18 years. The Ca
content and concentrations in the forest floor and the
density of snails, which require Ca for growth, in-
creased in young stands (less than 30 years old) and
decreased in older stands (more than 30 years old)
over the measurement period. Similarly, the concen-
trations of Ca in litterfall decreased with stand age,
and hydrologic export of Ca from a young stand was
higher than that from an old stand. Ecosystem bud-
gets suggest that the supply of Ca from the mineral
soil to other parts of the ecosystem is large (3.3–4.7 g
Ca m2 y1) in young forest stands but negligible or
negative in older stands (–1 g Ca m2 y1). This
difference in Ca mobilization between young and old
stands is large compared to the changes in soil Ca that
can reasonably be attributed to acid precipitation (less
than 1 g m2 y1). We conclude that changes in soil
and streamwater Ca in maturing forests do not nec-
essarily indicate an important loss of bioavailable Ca.
Trace amounts of apatite in the mineral soil may be
the source of Ca needed for forest regrowth.
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INTRODUCTION
Prolonged exposure to acid rain, along with a de-
cline in the calcium (Ca) in precipitation (Hedin
and others 1994), is thought to have decreased the
availability of base cations in forest soils (Hall-
backen and Tamm 1986; Robarge and Johnson
1992; Johnson and others 1994; Lawrence and oth-
ers 1999; Huntington 2000; Driscoll and others
2001). These losses could threaten forest ecosys-
tems, since pools of available Ca seem insufficient to
ensure long-term forest health (Graveland and oth-
ers 1994; NAPAP 1998; Johnson and others 2000;
Driscoll and others 2001; Hames and others 2002).
In addition to external factors that induce
changes in biogeochemical cycling, such as the at-
mospheric deposition of strong acids, there are also
internal factors associated with species composition,
forest growth, and stand age (Alban 1982; Finzi and
others 1998; Dijkstra and Smits 2002). In central
New Hampshire, when northern hardwood forests
regenerate after clear-cutting, dominance shifts
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from species with high tissue Ca concentrations, such
as pin cherry, to species with lower tissue Ca, such as
beech, (Fahey and others 1998; Likens and Bormann
1970), a shift that may affect the cycling of Ca. With
forest succession and growth come changes in root
length and depth distribution (Dijkstra and Smits
2002), mycorrhizal associations, Ca uptake capacity,
and the production of low-molecular-weight organic
acids (Finzi and others 1998), all of which may play a
role in changing Ca cycling as forests age.
It can be difficult to distinguish the effects of
environmental stress, such as acid rain, from other
changes in forested ecosystems (Arthur and Yanai
2000). The hardwood forests of the northeastern
United States are primarily second-growth forests,
largely originating from post–Civil War abandon-
ment of agricultural land and logging in the late
1880s and early 1900s (Whitney 1994). Because
large areas of the landscape are vegetated by forests
of a similar age, they could exhibit synchronous
changes in biogeochemical cycling associated with
forest succession, and these changes could be con-
fused with responses to environmental stresses,
such as air pollution.
To help distinguish the effects of stand age and
species composition from the effects of acid deposi-
tion, we examined several indicators of Ca cycling
in northern hardwood stands of different ages in
the White Mountains of New Hampshire. These
indicators were snail abundance and Ca content, Ca
in litterfall and the forest floor, and Ca export in
streamwater from small first-order watersheds.
Snails are highly sensitive bioindicators of Ca avail-
ability (Hotopp 2002), because they require a large
amount of Ca to grow and reproduce compared to
most biota (Wareborn 1992; Gardenfors 1992). Cal-
cium dynamics in the forest floor reflect changes in
inputs in leaf litter, fine roots, and throughfall, as
well as changes in biological uptake with forest
succession. Our use of repeated measurements of
stands of different ages ensures that any patterns
attributed to stand age are not due to other differ-
ences among sites, such as soil parent material or
harvesting practices (Arthur and Yanai 2000; Yanai
and others 2000). We also quantified the amount of
Ca mobilized by young and old forests, and exam-
ined Ca in soil extracts to determine possible
sources of the Ca obtained by young forests.
METHODS
Snails
Snails and slugs were collected in 1980 (Strayer and
others 1986) and again in 1996–98 in seven stands
that ranged in age from 2 to 80 years after clear-
cutting. All of the sites were in the White Mountain
region within 70 km of the Hubbard Brook Exper-
imental Forest (HBEF) (43°56'N, 71°45'W) on soils
derived from unsorted basal tills and similar crys-
talline parent materials. Changes in snail Ca were
derived from repeated measures at the same sites,
so differences between sites due to cutting treat-
ments or site quality are controlled for. None of the
sites had been burned or fertilized as part of the
management regimes employed.
At each site, 36 0.56-m2 cardboard sheets (one
small site received only 20) were placed in a sys-
tematic grid on top of the forest floor in early June.
Twice during each summer within 2–3 days of a
7-mm or greater rain event, all of the snails and
slugs on the underside of the cardboard were col-
lected. The snails were preserved in alcohol and
identified, and a subsample of the 1996–98 snails
was dried and weighed. The Ca content of five
snails collected in the 1990s from each of the four
most important taxa (weight basis) from both
young and old stands was determined using micro-
wave digestion (210°C in 15.7-M nitric acid) and
inductively coupled plasma–atomic emission spec-
troscopy (ICP-AES).
The populations of snails in young and old stands
were tested for differences in weight and Ca con-
centration. There were no significant differences
between young and old stands (P  0.10, t-test),
except for Discus cronkhitei. For this species, the av-
erage snail mass for each site was calculated from
the best-fit linear regression of snail mass versus
stand age; snails from the oldest forests weighed
nearly twice as much as the snails from the young-
est sites (R2  0.36; P  0.05). All other taxa were
described using average weights and Ca concentra-
tions.
Forest Floor
Forest floor (O horizon and A horizon, where
present) block samples (10  10 cm) were collected
in 1979–80 (Federer 1984) and again in 1994–95
(Yanai and others 1999, 2000) in 13 forest stands
ranging in age from 1 to 120 years after clear-
cutting. Six of the sites were at the Bartlett Exper-
imental Forest, one was at the HBEF, and six others
were scattered around the White Mountain Na-
tional Forest. The sites used for forest floor sampling
had histories similar to those used for the snail
sampling described above. Ten blocks were col-
lected and composited on each of five transects at
each of the sites. Forest floor samples were air-dried
and sieved, and a subsample was ashed and dis-
solved in 6-M nitric acid; the concentration of Ca
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was determined using ICP-AES. Data from forest
floor horizons were combined for this analysis.
Litterfall
Calcium in litterfall was measured for 3 years
(1993–95) in the same 13 stands used to study
forest floor dynamics. In each stand, 15 litterfall
baskets, each with a collecting area of 0.146 m2,
were deployed on the five sampling lines. The three
samples from each sampling line were pooled,
sorted by species, dried (60°C), and weighed. The
chemistry of the litterfall was determined using
freshly fallen leaves collected during rainless peri-
ods. Fresh leaves were dried, weighed, ground,
ashed, and dissolved in 6-M nitric acid, and the
concentration of Ca was determined using ICP-
AES.
Soil Extractions
We used sequential extractions to define Ca pools
in samples collected using the quantitative pit
method (Hamburg 1984) in 1983 in a mature
northern hardwood forest (with spruce–fir forest at
the uppermost elevations) that was cut in the 1880s
and again in the 1910s (HBEF watershed 5). The
soils were collected by depth (O horizon, 0–10 cm,
10–20 cm, and 20 cm to the C horizon) using
0.5-m2 pits distributed across the watershed (Hun-
tington and others 1988). In 2001, air-dried soils
from five soil pits were extracted in sequence from
a 0.5-g soil sample; the solid residue was then sep-
arated from the solution by centrifugation after
each of the following steps: (a) First, the soil was
exchanged overnight with 5 ml of 1-M NH4Cl (pH
 7) to remove the exchangeable cations. (b) The
residue was next leached overnight in 5 ml of 1-M
HNO3 to remove nonsilicate minerals such as apa-
tite and calcite. Our studies have shown that this
treatment dissolves more than 75% of the apatite
and calcite in Hubbard Brook soils, yet it dissolves
less than 0.3% of the silicate fraction (Blum and
others 2002). (c) Finally, the residue was micro-
wave-digested in 10 ml of a mixture of concen-
trated HF, HNO3, and HCl at high pressure and
210°C to dissolve silicate minerals. Major and trace
elements in all of the solutions were measured us-
ing ICP-AES with both internal and external cali-
bration.
Streamwater Streamwater comparisons come
from two first-order watersheds at HBEF: water-
shed 5 (WS-5) (whole-tree harvested in 1983–84)
and watershed 6 (WS-6) (biogeochemical refer-
ence) (Likens and others 1998). Both watersheds
were northern hardwood forests (with spruce–fir
forests at the uppermost elevations) that were cut
in the 1880s and again in the 1910s; in addition,
there was some salvage logging after the 1938 hur-
ricane. Both watersheds were monitored continu-
ously for flow and weekly for water chemistry.
Ca Budgets
A budget of Ca cycling rates was constructed using
repeated measurements at multiple sites. This ap-
proach protected our comparisons from a chance
association between stand age and species compo-
sition, site characteristics, or a history of exposure
to acid rain. The net Ca flux from mineral soil was
calculated as the sum of changes in Ca storage in
the forest floor and vegetation, inputs of Ca in
precipitation and slash from logging, and outputs of
Ca in streamwater. Calcium accumulation in vege-
tation of young stands was based on measurements
from the late 1960s (Marks and Bormann 1972)
and 1988–94 (Fahey and others 1998). Calcium
accumulation in old stands was based on measure-
ments of growth during the periods 1964–69 and
1987–92 at HBEF (Likens and others 1998). The
nutrient concentrations in the living aboveground
biomass were verified using destructive sampling in
an adjacent watershed with a similar disturbance
history (Arthur and others 2001). Precipitation and
streamwater were measured from 1980 to 1992 and
1984 to 1995, respectively, at HBEF (Likens and
others 1998). Accumulation of Ca in the forests
floor was measured from 1979–80 to 1994–95
(Yanai and others 1999); stands were classified as
more than or less than 30 years old at the time of
the second measurement. Slash decomposition fol-
lowing harvesting was estimated to take 30 years
and to involve 40%–60% of the Ca in aboveground
and belowground living biomass of an old forest.
This estimate is conservative in that more intensive
harvests would require even greater rates of Ca
supply from soil sources. Changes in snail Ca, al-
though statistically significant (P  0.02), were not
included in the budgets because they were numer-
ically insignificant (less than 10 mg m2) compared
to other fluxes.
Statistics
Comparisons in changes over time in forest floor Ca
content and concentrations and snail numbers and
Ca contents for sites  30 years old and those  30
years old were done using t-tests. Linear regression
was used to predict litterfall Ca content as a func-
tion of stand age. Linear regression was also used to
predict the annual Ca export from WS-5 based on
the annual export of Ca from WS-6 prior to har-
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vesting (1966–83). With the aid of this model, the
predicted annual Ca export from WS-5 for the pe-
riod 1984–95 was compared with the actual annual
Ca export using a paired t-test.
RESULTS AND DISCUSSION
If acid rain were the dominant factor causing
changes in Ca cycling, we would expect Ca avail-
ability to be declining across the landscape. Instead,
we found that changes in snails, forest floors, and
leaf litter depended on the age of the stands we
studied. Snails were three times more numerous in
stands less than 30 years old than in stands more
than 30 years old (18  3.5 [SE] versus 6  1.4
snails/m2 cardboard for young and old stands, re-
spectively; t  3.5; df  26; P  0.002), and they
contained about twice as much Ca (68  12 [SE]
versus 23  5 mg Ca/m2 cardboard for young and
old stands, respectively; t  3.7; df  26; P  0.001).
Over the 18-year sampling period, changes in snail
Ca were significantly different in young and old
forests (12  10 [SE] versus –10  5 mg Ca/m2
cardboard/18 years; t  3.8; df  4; P  0.02), with
all three stands less than 30 years old increasing and
three stands more than 30 years old declining, and
one remaining low throughout (Figure 1A).
In the forest floor, the highest Ca concentrations
were observed in stands less than 30 years old; the
lowest were in a stand that was more than 100
years old (Figure 1B). Over the 15-year sampling
period, changes in Ca concentrations in the forest
floor were significantly different in young and old
forests (P  0.04); they increased in four of the five
youngest stands, whereas the eight older stands all
had Ca concentrations that were lower in 1994–95
than in 1979–80. Changes in total Ca mass in the
forest floor showed a similar pattern; all five of the
youngest stands increased, and six of the eight older
stands decreased (P  0.03) (Yanai and others
1999).
The changes in Ca cycling that occur as the forest
ages are also reflected in the Ca concentration of
litterfall over a period of 120 years (P  0.04, R2 
0.34) (Figure 1C). Some of the variation in litterfall
Ca concentrations is due to differences in species
composition. For examples Ca-rich pin cherry
(Prunus pensylvanica L.), striped maple (Acer pensyl-
vanicum L.), white ash (Fraxinus americana L.), and
yellow (Betula lutea Michx. F.) and white birch (Bet-
ula papyrifera Marsh.) were all common in young
stands (70% of basal area). Older stands had much
less of these high-concentration species (50% of
basal area). Older stands had more beech (Fagus
grandifolia Ehrh.) and red maple (Acer rubrum L.)
(40% of basal area, as compared to 5% in young
stands); these species are lower in Ca. Further re-
search is needed to determine whether the differ-
ences between the young and the old stands are
Figure 1. (A) Changes in calcium (Ca) content of snails
in seven northern hardwood stands across the White
Mountains, New Hampshire, measured in 1980 and again
at the same sites in 1996–98. Arrows connect the data
from a single stand at two points in time; solid lines
represent increases in snail Ca, and dashed lines represent
declines. (B) Changes in concentrations of Ca in the forest
floor of 13 northern hardwood stands across the White
Mountains measured in 1979 or 1980 and again in 1994
or 1995. OM, organic matter. Arrows connect the data
from a single stand at two points in time; solid lines
represent increases in forest floor Ca concentrations, and
dashed lines represent declines. (C) Concentrations of Ca
in litter fall from the same 13 stands sampled for forest
floor changes.
402 S. P. Hamburg and others
due primarily to changes in species composition or
to other factors related to forest disturbance.
Heightened Ca mobility in soils after forest har-
vesting is also reflected in an increase in the annual
streamwater export of Ca (P  0.003) (Figure 2A).
The net export of Ca in streamwater increases im-
mediately after forest harvest (Likens and others
1998) (Figure 2A) and remains elevated for at least
15 years. Similarly, the ratio of base cations to
strong acid anions in streamwater was higher in the
recently cut stand (Figure 2B). This is an unex-
pected finding, because other investigators have re-
ported that the export of base cations is controlled
largely by the export of strong acid anions (Likens
and others 1996), and it has been assumed that
uptake by regrowing vegetation would increase Ca
retention as it does nitrogen (Martin and others
1984).
We therefore conclude that young forests or ear-
ly-successional species are able to readily mobilize
Ca from the mineral soil, building a nutrient pool in
the forest floor as well as in living biomass. The
continued elevation of streamwater export of Ca
suggests that these young stands mobilize more Ca
than they are able to accumulate in biomass, which
may result in increased concentrations of ex-
changeable Ca in the deeper soil horizons, as ob-
served by Johnson and others (1997). This en-
hanced Ca cycling continues for about 3 decades
after the disturbance, much longer than the 2 or 3
years of cation release attributable to nitrification
(Martin and others 1984). This pattern is most
likely characteristic of the young soils that devel-
oped on the glacial tills of the northeastern United
States, which have larger stores of Ca in weather-
able minerals than the older soils of the southeast-
ern United States (Huntington 2000).
The increase in Ca in the vegetation and forest
floor of younger forest stands reflects a net transfer
of Ca from mineral soil to these ecosystem compart-
ments. We can quantify the net Ca flux from min-
eral soil in young and old forest stands by summing
the changes in Ca storage in the forest floor and
vegetation, the inputs of Ca in precipitation and
slash from logging, and the outputs of Ca in stream-
water (Figure 3). The forest floor is a Ca sink in
young stands but a Ca source in older stands, and
the vegetation is a stronger sink in young stands
than in older stands. Precipitation inputs of Ca are
independent of stand age, whereas the streamwater
export of Ca is consistently higher from stands less
than 30 years old (Likens and others 1998). To
balance the Ca budget of young stands, the mineral
soil must be a large net source of Ca to other eco-
system compartments (Figure 3).
To assess the amount of easily weatherable Ca
that may be available to regrowing northern hard-
wood forests, we measured soil Ca pools using se-
quential extractions and digestions. The salt-ex-
changeable fraction (NH4Cl) has commonly been
equated with the plant-available pool, whereas the
nonexchangeable pool is assumed to be dominated
by silicate minerals. The salt extraction removed
small amounts of Ca, magnesium (Mg), sodium
(Na), and potassium (K), as expected. However,
when this treatment was followed by an acid ex-
traction (1-M HNO3), a relatively large pool of Ca
was removed (65 g Ca/m2 in the E and B horizons
and 60 g Ca/m2 per 10 cm of depth in the C hori-
zon). However, the amount of Na, phosphorus (P),
and K in the extract was not proportional to their
Figure 2. (A) Comparison of streamwater exports of cal-
cium (Ca) from a whole-tree harvested (WS-5) to an
undisturbed (WS-6) first-order watershed in the Hubbard
Brook Experimental Forest from 1964 to 1995. (B) Ratio
of base cations to strong anions (sulfate and nitrate) in
streamwater from WS-6 and WS-5 from 1964 to 1995 are
plotted on a calendar-year basis.
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abundance in any of the silicate minerals that are
important sources of Ca in the region.
The cation ratios (Figure 4) suggest that this
treatment dissolved nonsilicate minerals, such as
calcite and apatite, which are more rapidly weath-
ered than silicate minerals, and are ubiquitous as
small inclusions in the silicate minerals of the soil
parent material, as observed via cathodolumines-
cence imaging of soil thin sections (Jacobson and
Blum 2000; Blum and others 2002). Roots and
associated mycorrhizae, by acidifying the rhizo-
sphere, may access the same mineral reservoir as
the acid extraction (Rogers and others 1998; Van
Breemen and others 2000; Wallander 2000). Diges-
tions of the soil after the acid-leaching released
large amounts of base cations, in ratios consistent
with the dissolution of silicate minerals (Figure 4).
These pools become available to plants only very
slowly.
We think that the source of Ca to young stands
may be this pool of nonsilicate minerals. There is
some evidence that trees with ectomycorrhizal as-
sociations are best able to access this pool (Blum
and others 2002), but ectomycorrhizal species are
not the ones that dominate the regrowth of the
northern hardwood forest in central New Hamp-
shire. Alternatively, young trees may be better able
than older ones to mobilize Ca from silicate miner-
als or from organically bound pools. Calcium ox-
alate has been proposed as another overlooked
source of available Ca (Bailey and others 2003), but
our evidence does not support this idea. Acid-ex-
tractable Ca concentrations are greatest at depth,
which suggests that unweathered minerals are the
source, rather than leaf or fungal calcium oxalate.
More research is needed to clarify the source and
mechanisms of this greater Ca supply in young
stands, with attention to rooting characteristics,
transpiration rates (Ryan and Yoder 1997), root
exudates, and mycorrhizal associations (Quideau
and others 1996). To predict the risk of Ca depletion
by repeated forest harvest and acid rain, we will
need to determine the size of the pool tapped by
young stands.
According to our calculations, the rate of Ca mo-
bilization achieved by young forests (4.6–6.0 g Ca
m2 y1) is large compared to the rate attributed to
acid precipitation at Hubbard Brook in mature for-
ests (0.4 g Ca m2 y1) (Likens and others 1996).
Even if all of the acid delivered in precipitation
(Likens and Bormann 1995) were to result in an
equivalent Ca release from the soil, only 1.4 g Ca
m2 y1 would be mobilized. The idea of biotic
control of nutrient cycling in forested watersheds is
not a new one (Bormann and Likens 1979), but it
has not previously been included in models that
link acid precipitation and cation depletion. Declin-
ing Ca export in streamwater from the 1960s to the
1990s and the failure of both the amount of Ca
export and the ratio of base cations to strong acid
anions to recover following implementation of the
1970 Clean Air Act have been attributed to the
depletion of Ca from the soil exchange complex by
acid precipitation (Likens and others 1996). Acid
rain undoubtedly has caused changes in Ca cycling,
but the differences between young and old stands
are remarkable. Therefore, the changes observed in
Ca export and streamwater chemistry over the past
30 years must have been influenced by the aging of
the forest over the period of observation, as well as
by environmental factors.
The combined effects of forest regrowth and acid
precipitation are undoubtedly reducing the soil res-
ervoir of Ca, but the sustained Ca release in young
stands suggests that the biologically available reser-
voir is much larger than previously believed
(Driscoll and others 2001). Evidently, young forests
are accessing Ca from pools other than those tradi-
tionally considered available, such as the nonsili-
cate pool revealed by the acid extraction. If this is
Figure 3. Net annual flux of
calcium (Ca) into and out of
the mineral soil in (A) young
(less than 30 years old) and
(B) old (more than 30 years
old) northern hardwood for-
est stands after clear-cutting
(g m2 y1)
404 S. P. Hamburg and others
the case, the potential for acid precipitation to de-
plete available Ca is probably greater in old stands
than in young ones. A full understanding of the
nature of the biotic control of Ca cycling and its
effect on the predicted rate of soil depletion by acid
precipitation is critical to the effective design of
environmental policy.
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